Fasting in the rat is associated with a rapid and progressive decrease in insulin-stimulated glucose transport activity in adipose cells, which is not only restored to normal, but increased transiently to supranormal levels by refeeding. The mechanisms for these changes in glucose transport activity appear to involve alterations in both glucose transporter number and intrinsic activity (glucose turnover number). In this study, we use the human hepatoma Hep G2 glucose transporter complementary DNA clone to examine the molecular basis for these alterations. Extractable RNA per adipose cell is decreased 35% with 3 d of fasting and increased to 182% of control with 6 d of refeeding after 2 d of fasting. This parallels changes in adipose cell intracellular water, so that total RNA/ water space remains relatively constant. When the changes in total RNA/cell are taken into account, Northern and slot blot analyses with quantitative densitometry reveal a 36% decrease in specific glucose transporter mRNA level in cells from the fasted rats. The mRNA level in cells from the fasted/refed rats is restored to normal. These observations correlate closely with previous measurements of glucose transporter number in adipose cell membrane fractions using cytochalasin B binding and Western blotting. The levels of specific mRNAs for tubulin and actin on a per cell basis show similar but more dramatic changes and mRNAs encoding several differentiation-dependent adipose cell proteins are also significantly affected. Thus, the levels of mRNA for multiple adipose cell genes are affected by fasting and refeeding. In particular, this demonstrates that in vivo metabolic alterations can influence the level of a glucose transporter mRNA in adipose cells. This may have implications for the regulation of glucose transporter number and glucose transport activity.
Introduction
Marked variations in glucose transport and metabolism occur with fasting and refeeding in rats (1) (2) (3) (4) and humans (5).
Among the major cellular adaptations to fasting in the rat is a rapid, progressive, and reversible decrease in the ability of adipose cells to transport glucose in response to insulin (1, 4) . Refeeding not only reverses this insulin resistance but results in glucose transport that is hyperresponsive to insulin (4) . The mechanism for the insulin-resistant glucose transport seen with fasting in the rat involves a depletion of intracellular glucose transporters so that fewer are available to be translocated to the plasma membrane in response to insulin. Refeeding restores to normal both the number ofglucose transporters in the low density microsomal pool in the basal state and their translocation to the plasma membrane in response to insulin. A transient doubling of the maximum velocity (Vmax) for glucose transport is observed with 6 d of refeeding and cannot be explained by changes in the number ofglucose transporters per cell or in the apparent affinity (Ki) of the transporter for glucose; an increase in glucose transporter intrinsic activity (glucose turnover number, moles of glucose/glucose transporter/ unit time) has therefore been proposed (4) . Alterations in glucose transporter intrinsic activity have previously been demonstrated in association with other altered metabolic states (6) (7) (8) , as well as in vitro incubation of adipose cells with lipolytic and antilipolytic agents (9-1 1).
The decrease in glucose transporter number seen with fasting and restoration to control levels seen with refeeding could result from changes in the rate of synthesis and/or degradation of the glucose transporter protein. The Preparation ofisolated adipose cells and measurement ofcell size. Immediately after the animals were killed, the whole epididymal fat pads were removed and isolated adipose cells were prepared by the method originally described by Rodbell (15) and subsequently modified by Cushman (16) (20) . The intracellular water space was assessed as steady-state 3-0-methylglucose uptake levels.
RNA isolation. Isolated adipose cells were prepared as described above and immediately frozen in liquid nitrogen. They were stored at -70'C for 1-3 d before RNA extraction using the guanadinium thiocyanate-CsCl technique (21).
Northern gels and slot blots. For Northern gels RNA was electrophoresed on 1.2% formaldehyde agarose gels (22), blotted and fixed onto nylon filters, and then hybridized to cDNA or RNA probes. For slot blots RNA was blotted and fixed onto nitrocellulose filters and hybridized with a cDNA probe. The cDNA probe for the glucose transporter is a mixture of two 32P nick-translated glucose transporter cDNA fragments that are 450 (GT25S) and 2,400 (pGT25L) base pair Eco RI fragments obtained from Dr. Mike Mueckler. Together the two fragments contain nearly a full-length copy of the mRNA (12) . Tubulin cDNA was obtained from Dr. Seth Alper, glycerophosphate dehydrogenase cDNA (23) from Dr. Deborah E. Dobson, actin cDNA from Dr. Kathleen Sue Cook, and adipsin cDNA (24) from Dr. Barry Rosen. All probes were either nick translated using a nick translation kit (Amersham Corp., Arlington Heights, IL) according to instructions specified by the manufacturer or labeled with random priming as previously described (25, 26) .
Hybridization with cDNA probes was carried out at 42°C in a solution comprised of 50% formamide, 5X SSPE (0.9 M NaCl, 5 mM EDTA, and 50 mM NaH2PO4, pH 7.4), 0.2% SDS, 0.1% each of BSA, polyvinylpyrolidine, and Ficoll and denatured, sheared salmon sperm DNA (200 ug/ml). The probes were included at I07 cpm/ml (glucose transporter) or 106 cpm/ml (tubulin, actin, glycerophosphate dehydrogenase, and adipsin). Blots were washed in l.Ox SSPE and 0.1% SDS at 240C (three washes of 10 min each) and then in 0.IX SSPE and 0.1% SDS at 50-550C (three washes of 30 min each). They were then exposed to Kodak XAR-5 film at -700C for varying time periods as indicated in figure legends (intensifying screen, Cronex Lightening Plus; E. I. DuPont de Nemours Co., Wilmington, DE). The abundance of specific glucose transporter or tubulin message was quantitated using a scanning densitometer (GS 300; Hoefer Scientific Instruments, San Francisco, CA). The areas under the curves were calculated using the Hoefer GS 350 computer program.
For the RNA probe, the Hep G2 glucose transporter cDNA was subcloned into the BAM HI site of the pGEM plasmid (Promega Biotech, Madison, WI) and the antisense RNA was synthesized using T7 RNA polymerase (Stratagene, San Diego, CA) and [32P]UTP (800 Ci/mmol sp act) as described by the manufacturer. The labeled RNA was separated from unincorporated UTP using phenol/chloroform followed by chloroform only extractions and ethanol precipitation. Hybridization to the RNA probe was carried out at 650C in a hybridization solution composed of 50% formamide, 5X SSC (SSC is 0.15 M sodium chloride and 0.0 15 M sodium citrate, pH 7.0), 1 X PE (PE is 50 mM Tris, pH 7.5, 0.1% sodium pyrophosphate, 1% SDS, 0.2% polyvinylpyrolidone, 0.2% Ficoll, 5% EDTA, 1% BSA), and 150 ,.g/ml denatured salmon sperm DNA. The probe was included at 106 cpm/ ml. Filters were washed twice in 2X SSC, 0.1% SDS at 65°C and twice in 0.1 X SSC, 0.1% SDS at 65°C (each wash for 15 min) and then exposed to autoradiography.
Calculations and statistical analyses. Calculations of 3-0-methylglucose transport and adipose cell size were carried out on the Dartmouth time-sharing system computer facilities. Statistical analyses were carried out on the Beth Israel Hospital analyzer system using analysis of variance and the Newman-Keuls test. Differences were accepted as significant at the P . 0.05 level.
Results
Effects offasting and refeeding on glucose transport activity in adipose cells. The effects of 3 d of fasting and of 2 d of fasting followed by 6 d ofrefeeding on 3-0-methylglucose transport in isolated rat adipose cells are illustrated in Fig. 1 only restored, but increased to two times the control level with refeeding. These results confirm our previous observations (4) . Effects offasting and refeeding on adipose cell size, intracellular water, and total RNA. Adipose cell size is reduced 38% and intracellular water 26% with fasting (Table I ). 6 d of refeeding after 2 d of fasting is associated with an increase in cell size, although it remains slightly less than control, whereas intracellular water increases to 42% greater than control. In parallel with the changes in intracellular water, total RNA/cell decreases 35% with fasting and increases to 82% greater than control with refeeding (Fig. 2 A) . Total RNA/water space remains relatively constant (Fig. 2 B) .
Effects offasting and refeeding on specific mRNA levels.
Probing Northern blots of total adipose cell RNA with either the Hep G2 glucose transporter cDNA or antisense RNA under stringent conditions yields a single 2.8-kb transcript (Fig. 3) , the size of which is unaltered by fasting or refeeding. The abundance of transcript/cell is decreased 36% in cells from fasted rats and restored to control levels or slightly above in cells from refed rats (Fig. 4 A) . Even greater changes are seen with tubulin mRNA/cell, which is decreased 68% with fasting Isolated cells were prepared as described in Fig. 1 and restored close to normal with refeeding (Fig. 4 B) . The changes in mRNA abundance of actin, glycerophosphate de- hydrogenase, a key lipogenic enzyme, and adipsin, a serine protease secreted by adipose cells, are similar to those seen with tubulin (Fig. 3) .
Discussion
Glucose transporter number in adipose cell membrane fractions has previously been shown to decrease with fasting and return to normal with refeeding (4). When the numbers of transporters in the plasma membrane and low density microsomal fractions are summed, an -50% decrease in total cellular glucose transporters can be estimated with 2 d of fasting and a restoration to control levels with 6 d ofrefeeding (4) (Fig.  5) . 3 been shown to be differentiation dependent in 3T3-F442A adipose cells (23, 24) and to be highly expressed in mammalian adipose cells is significantly affected by fasting and refeeding (Fig. 3) .
The decrease in total RNA/adipose cell (Fig. 2 A) that we observe with fasting in this study is probably part of a more generalized response to starvation that affects multiple tissues as previously demonstrated by Goodman and Ruderman (27) in liver, heart, soleus muscle, and extensor digitorium longus. Although these changes in total tissue or cellular RNA largely reflect changes in ribosomal RNA, the latter appears to be paralleled by a fall in the levels of multiple specific mRNAs as illustrated here for tubulin, actin, glycerophosphate dehydrogenase and adipsin as well as the glucose transporter (Fig. 3) . In our previous studies, we demonstrated that fasting was associated with a 30% decrease in total protein per adipose cell, the majority of which was intracellular protein (4). This corresponds to the 26% decrease in intracellular water space, a reflection of cytosolic mass, observed in this study (Table I) . Refeeding, on the other hand, was associated with a 60% increase in total protein/cell, all of which was intracellular. Again this is reflected in the 82% increase in intracellular water space observed here (Table I) . While the amount of total RNA/cell decreases substantially with fasting and increases significantly above control levels with refeeding (Fig. 2 A) , the amount per intracellular water space does not change significantly (Fig. 2 B) . Thus, the abundance of total cellular RNA appears to vary in concert with the amount of intracellular protein.
These changes in total RNA/cell must be taken into account when investigating the relative abundance of specific mRNA species in cells from fasted or refed rats. Usually with Northern blot hybridization studies, one probes equivalent amounts of total RNA in each lane of a gel, since total RNA content/cell generally remains constant. However, we have shown dramatic changes in total adipose cell RNA with fasting and refeeding and consequently, the same amount of RNA reflects a different number of cells. Therefore, probing equivalent amounts of total RNA will be misleading when the most physiologically meaningful result is the abundance ofa specific message per cell. For that reason, we have expressed our data per cell either by calculating the optical density units per cell from the values obtained from equivalent amounts of RNA (Fig. 4 A and B) or by loading agarose gels with amounts of RNA that correspond to equivalent numbers of cells (Fig. 3) . The results of both approaches are very similar.
Studies to date aimed at determining the mechanism(s) for insulin resistant and hyperresponsive glucose transport activity have focused on the changes in glucose transporter number and distribution in subcellular membrane fractions (19, (28) (29) (30) and more recently, on the intrinsic activity (glucose turnover number) of the glucose transporter (4, 6-1 1). Insulin appears to stimulate glucose transport in adipose cells and muscle by recruiting glucose transporter proteins from an intracellular pool associated with the low density microsomes to the plasma membrane (19, 28, 31) . In multiple insulin resistant states in animals (28) the intracellular pool of glucose transporters is reduced and thus fewer are translocated to the plasma membrane in response to insulin. In contrast, both increased glucose transporter number (29) and intrinsic activity (6, 7) appear to be involved in states of insulin-hyperresponsive glucose transport.
An increase in the number ofglucose transporters could be brought about by changes in the half-life of the transporter protein or by an increase in the synthesis rate ofthe transporter associated with more abundant glucose transporter mRNA. Both mechanisms have been shown to be operable in studies in cultured cells in which glucose transport is increased by oncogene transformation (32) (33) (34) or glucose starvation (34, 35) . We demonstrate that the abundance of glucose transporter specific mRNA in adipose cells from fasted and refed rats (Figs. 3 and 4 A) correlates closely with the number of glucose transporters as measured previously by cytochalasin B binding and Western blotting (4) (Fig. 5) . In the case of fasting, this also corresponds qualitatively with the reduction in insulin-stimulated glucose transport activity per cell. In the case of refeeding, a discordance between glucose transporter number in the subcellular membrane fractions and glucose transport activity in the intact adipose cell has previously been demonstrated and appears to result from an increase in glucose transporter intrinsic activity (4) . Therefore, the lack of correlation of the mRNA abundance with cellular glucose transport activity in this state is the expected result. These data provide evidence for the possibility that the changes in glucose transporter number, and thus in the glucose transport response to insulin, in adipose cells from animals and humans with altered nutritional and metabolic states may be regulated by the abundance of glucose transporter specific mRNA. Whether this is due to increased transcription or increased mRNA stability deserves further investigation.
Recent studies demonstrate biochemical heterogeneity of the glucose transporter protein(s) in adipose cells as evidenced by differences in affinity for cytochalasin B (36, 37), immunoreactivity (38, 39) , isolectric focusing points (37, 40) , and susceptibility to neuraminidase, which desialates terminally glycosylated proteins (40) . The theoretical possibility that multiple genetically distinct glucose transporters are expressed in adipose cells has recently been raised by the identification of a glucose transporter in liver, which is only 55% homologous with the rat brain and the Hep G2 cDNA protein product (41, 42) . However, this species is not present in adipose cells (42) and currently no definitive evidence indicates that the biochemical heterogeneity of the adipose cell transporter proteins reflects differences in amino acid sequence or gene structure.
In the absence of data identifying other genetically distinct glucose transporters in adipose cells, the Hep G2/brain probe is a logical starting point to investigate the regulation of glucose transporter number. This cDNA has proved valuable for studying the mechanism(s) by which glucose transporter number and glucose transport activity are increased in cultured fibroblasts in response to certain oncogenes (32, 33) and phorbol esters (32) . Additionally, similar antibodies to those used to identify the Hep G2 cDNA probe have been shown to cross-react with the glucose transporter in adipose cells and have been used as a semiquantitative assay of glucose transporter number (4, 38, 43) . In fact, the close correlation demonstrated here between alterations in glucose transporter number and mRNA abundance in adipose cells from fasted and refed rats (Fig. 5) is consistent with the hypothesis that the single mRNA species detected at high stringency with the Hep G2 cDNA probe encodes the major insulin-responsive adipose cell glucose transporter. If a distinct but sufficiently homologous glucose transporter species were present, the Hep G2 cDNA could hybridize with it as well and techniques other than blot hybridization would be necessary to distinguish such a species.
Thus these studies investigate the effects of specific in vivo nutritional alterations on the expression of a glucose transporter gene and its correlation with glucose transport physiology. Because the mechanism for insulin resistant glucose transport activity in adipose cells from humans with obesity (8, 44) and diabetes (8) results, at least in part, from a reduction in the number of glucose transporters, it will be important to determine whether this insulin resistance is also associated with changes in the abundance of this or other glucose transporter mRNAs.
